Heat stress is an important factor in the viability of microorganisms. The heat-exposure dependent genomewide expression profiles of various microorganisms reveal a coherent transcriptional program known as heatshock response. [1] [2] [3] [4] [5] Many defense mechanisms have evolved to minimize the damage due to heat stress. In particular, they contribute to the adaptive response after exposure to minimal or mild stress. The adaptation can result in increased resistance to higher levels of the same or other types of stress later. 6, 7) In addition, genetic adaptation with several types of mutations might be related to bacterial survival mechanisms by activation of the mutagenic response or inhibition of antimutagenic activities. 7, 8) These mechanisms might contribute to an increase in genetic diversity, inducing the expression of a wide variety of stress-response genes and alternative metabolic pathways. 9) Thermotolerant bacteria are mesophilic but grow at temperatures 5 to 10 C higher than typical mesophilic strains of the same genus 10, 11) or even the same species, 12, 13) and are thus different from so-called thermophilic bacteria, which are defined as strains with an innate ability to grow above 60 C. Thus, it is conceivable that these thermotolerant strains have acquired their growth phenotype by adapting to a habitat with higher temperatures, such as tropical regions, 11, 12) a specific local area where warmed-up water from a factory cooling system is released, 10) or where a high level of solar radiation is received. 13) Such thermotolerant strains that can grow at moderately high temperatures must have some specific mechanism other than the heat-shock response that can be induced at transient high temperatures. The thermotolerance mechanism of these strains is expected to be more complex than the heat-shock response and to include other stress responses or specific metabolic changes. 10, 13) Thermotolerant Acetobacter strains isolated from flowers and fruits from tropical habitats in Thailand exhibited a high capability to grow at high temperatures of up to 40 C and produced acetic acid more effectively than mesophilic strains. 12) Such stressful conditions may have triggered adaptation, by which several defense mechanisms have been acquired for survival under these conditions. Acetic acid bacteria (AAB) have been reported to exhibit phenotype instability, which can occur due to either temporal acclimation or heritable adaptation. 8) We speculated that these thermotolerant strains contain some stress adaptive mechanisms that are absent in mesophilic strains. A better understanding of the molecular mechanisms underlying heat-stress adaptation might lead to improvements in acetic acid fermentation or to a novel high-temperature fermentation system.
In this report, we describe a screening procedure for thermo-sensitive mutant strains and an efficient procedure for gene identification in these mutants. Furthermore, we discuss how these identified genes are involved in thermotolerance in Acetobacter tropicalis SKU1100.
Materials and Methods

Culture
conditions. Acetobacter tropicalis SKU1100 (NBRC101654) was grown aerobically using potato medium (0.5% glucose, 2% glycerol, 1% yeast extract, 1% peptone, and 150 mL/L of potato extract), YPG medium (0.5% yeast extract, 0.5% peptone, and y To whom correspondence should be addressed. Tel/Fax: +81-83-933-5858; E-mail: kazunobu@yamaguchi-u.ac.jp Abbreviations: AAB, acetic acid bacteria; AD, arbitrary degenerated 2% glycerol), or YPGD medium (0.5% each of yeast extract, peptone, glycerol, and glucose). 14) Escherichia coli DH5 and S17-1 15) strains were used, and all were grown at 37 C in LB. A. tropicalis transposon mutants were selected on YPG medium. Antibiotics were added as indicated at the following concentrations: tetracycline (Tc), 12.5 mg/mL; kanamycin (Km), 50 mg/mL; and ampicillin (Ap), 50 mg/mL.
Transposon (Tn) mutagenesis and screening of the mutants. Random insertion of a transposon (Tn10) into DNA of A. tropicalis SKU1100 was done via conjugation using E. coli S17-1 harboring pSUP2021Tn10 as a donor strain of conjugal mating.
14) The recipient A. tropicalis and E. coli S17-1 harboring pSUP2021Tn10 were grown to mid-log phase at Klett units of 170 (a Klett-Summerson photoelectric colorimeter, New York, NY) in potato medium and LB broth respectively, and then mixed at a ratio (by volume) of 3:2. Next, the suspension was centrifuged for 5 min at 5,000 rpm. The pellets were suspended in 100 mL of potato medium, put on a potato agar plate as a single spot, and incubated at 30 C for 10 h to allow mating between the donor and recipient cells. After incubation, the cells were suspended in 1 mL of distilled water and spread on YPG agar containing 0.2% acetic acid and 25 mg/mL of Tc. Transconjugants appeared after 3 d of incubation at 30 C, and were selected for further experiments. Approximately 4,000 colonies of the transconjugants thus obtained were replicated by patching on agar plates of potato medium and incubated at 30 C, 39 C, and 41 C. Colonies with severe growth defects at high temperatures were selected and subjected to further growth confirmation on 5 mL of YPG and potato medium with shaking at 30
C and 39 C. Strains that grew poorly at high temperature were defined as thermosensitive mutants and were collected for further analysis.
For plate assay, cells grown on potato liquid medium at 30 C for 18 h were collected and resuspended by adjusting them to the same concentration (approximately 300 Klett units), and then cells were subjected to 10-fold dilution with sterilized water containing 0.85% w/v NaCl. Five mL of serially diluted (10 times) cells was spotted on potato and YPG plates with and without 1% v/v ethanol and incubated at various temperatures. Their growth ability was then observed after incubation for 2 d. To check sensitivity to acetic acid, growth behaviors were also determined on YPG agar plates with and without the addition of 1.0% v/v acetic acid at 30 C for 2 d.
Identification of insertion sites. To identify the unknown flanking region of Tn10, Thermal Asymmetric Interlaced (TAIL)-PCR was performed following a previous report, 16) with several modifications as described below. Three rounds of PCR amplification were performed on a MycyclerÔ thermal cycler (Bio-Rad Laboratories, Tokyo), under conditions different from the previous study as follows, using the product of the previous PCR as the template for the next reaction: An arbitrary degenerated (AD) primer was designed according to the previous method, 16) including AD1 and AD2, as shown in Table 1 C, 2.5 min: 15 cycles) was carried out with the second specific primer for Tn10, TnISR-2, and the same AD primer. The PCR reaction mixture was the same as for the primary PCR, except that 1 mL of a 1/50 dilution of the primary PCR product was used as the template. Similarly, the tertiary PCR (1st step: 94 C, 1 min, one cycle; 2nd step: 94 C, 30 s; 50 C, 1 min; 72 C, 2.5 min: 25 cycles) was also performed as in previous steps except that the third specific primer TnISR-3 was used, and the concentration of the AD primer was reduced from 12.5 to 2.5 mM. The obtained PCR product was purified using a PCR product purification kit (Takara, Shiga, Japan) and was used as the template for direct sequencing. The PCR product described above was subjected to sequence analysis using an ABI PRISM310 (Applied Biosystems, Carlsbad, CA) and the data were analyzed using the GENETYX-MAC program (Genetyx, Tokyo). Homology search analysis was done by BLAST.
17)
Genome sequencing and de novo assembly. Chromosomal DNA was isolated from cells of A. tropicalis SKU1100 grown on 5 mL of potato medium at 30 C for 24 h. After harvesting of the cells, the chromosomal DNA was isolated using a DNeasy Blood and Tissue Kit (Qiagen, Tokyo) following the manufacturer's instructions. The concentration of DNA was measured and adjusted by Nanodrop (Nanodrop Technologies, Wilmington, DE) before further use. Illumina/ Solexa sequencing using the GAII platform was performed at Hokkaido System Science (Sapporo, Japan). Single-stranded genome fragments were annealed to the flow cell surface in a cluster station (Illumina, San Diego, CA). Sequencing-by-synthesis (36 cycles) was performed, and high-quality sequences (those passing default quality filtering parameters at the Illumina GA Pipeline GERALD stage) were retained for further analysis. Illumina/Solexa sequence data were assembled using Velvet 0.7.28.
18) The protein coding genes (ORFs) involved in A. tropicalis draft genome assembly were predicted using Glimmer version 3.02 with a self-training data set. 19, 20) Functional assignments of the predicted ORFs were based on a BLASTP homology search against Acetobacter pasteurianus IFO3283-01 protein sequences and the NR database.
17) The sequence data from A. tropicalis draft genome assembly have been deposited at DDBJ/ EMBL/GenBank under accession BABS00000000.
Plasmid construction for complementation. Using the information from the draft genome sequence of the wild-type strain, the complete nucleotide fragments of several genes identified by TAIL-PCR were obtained by PCR using specific primers having appropriate restriction enzyme sites (Table 2) . PCR reaction was performed using the PuReTaqÔ Ready-To-GoÔPCR bead kit (GE Healthcare, Buckinghamshire, UK). The obtained PCR products were then ligated into plasmid T-vector (Promega, Madison, WI) before subcloning into a shuttle vector, pCKm (formerly named pCM66) derived from pCM62, the antibiotic resistance gene of which was converted from Tc to Km. 21) The resulting plasmid, kept in E. coli S17-1, was then transformed into the mutants by the conjugation method described above. Complementation was confirmed by checking growth ability at a high temperature on YPG agar plates, as described above.
Results
Growth properties of high-temperature sensitive mutants from thermotolerant A. tropicalis SKU1100
To isolate the genes required for growth at high temperatures, we constructed a mutant library of A. tropicalis SKU1100 by transposon mutagenesis of Tn10 using a conjugation method, as described in ''Materials and Methods.'' Colonies of the transconju- 
The letters, N, S, and W, of the AD1 and 2 primers exhibit standard mix base definition (N, A/C/G/T; S, C/G; W, A/T), and the bold letters of the lower eight primers show restriction enzyme sites for BamH I, EcoR I, or Xba I.
gants (n ¼ 4;000) that were obtained were screened on potato plates at 30 C, 39 C, and 41 C. Among them, colonies exhibiting poor growth at high temperatures were selected and subjected to liquid culture with 5 mL of potato or YPG medium with shaking at 30 C (as control) or 39 C. The potato medium, a rich medium for AAB, contained 2-times higher concentrations of yeast extract (1%) and polypeptone (1%) than the YPG medium, a relatively poor medium for AAB, and it also contained glucose (0.5%) as a carbon source additional to glycerol, the concentration of which (2%) was the same as that of the YPG medium. At this step, various growth phenotypes of the mutants were observed at high temperatures. Some mutants did not grow at all on either medium at 39 C, some were severely impaired only on YPG medium, and some exhibited intermediate growth (data not shown). At this screening step, about 50 mutant strains were selected as potential high-temperature sensitive (thermosensitive) mutants.
The thermosensitive mutant strains were further examined for their growth properties on agar plates under various growth conditions by dot plate analysis, as described in ''Materials and Methods.'' Most of them grew poorly at high temperatures even without ethanol, but exhibited different sensitivities to high temperature. On the plate containing ethanol, some of the mutants became more sensitive to the high temperature, indicating that ethanol or acetic acid (an oxidized product of ethanol) may have affected their growth besides the high temperature (Fig. 1A) . After these screening steps, some mutants not exhibiting significant growth defects as compared with the wild type at high temperature were removed from the screening, and the remaining 32 thermosensitive mutants were examined for growth phenotype in more detail by dot plate at 30 C, 39 C, and 41 C, and by shaking culture at 30 C and 39 C. Some examples of the growth phenotypes of the 32 mutants are shown in Fig. 1 . Finally, we divided the 32 mutants roughly into two groups. The first group was very sensitive to high temperature in the dot plates of potato and of YPG medium (e.g., mutants 10-14, 42-35, 43-38, 50-17, and 51-43 in Fig. 1A ) and in shaking cultures of YPG and of YPGD medium (e.g., mutants 10-14, 42-35, and 43-38 in Fig. 1B) , while the second group exhibited only partial growth defects (e.g., mutants 59-33 and 66-44 in Fig. 1A and B) . Of the mutants exhibiting intermediate growth defects in shaking culture, some grew as well as the wild type even at 39 C on YPG medium, but slower on YPGD medium (see Fig. 1B in the case of mutant 66-44). The mutant strains exhibiting growth defects only on YPGD medium may be sensitive to high temperature under acidic conditions because the glucose included in the YPGD medium is converted to gluconic acid. The y The growth of these mutant strains was compared with the growth of the wild type at the highest temperature tested. For dot plate they were compared at 41 C and on liquid media with shaking they were compared at 39 C (see the example in Fig. 2 ). z APA01, Acetobacter pasteurianus NBRC3283-01 genome. Ã (À=þ) indicates the agar plate without and with the addition of 1% v/v ethanol. # þ indicates growth; þþþþ indicates normal growth referring to the wild type as reference, while À indicates the strain did not grow under the tested conditions (see the examples in Fig. 2) . ÃÃ The growth sensitivity of these mutants on acetic acid was determined for growth on YPG agar plates containing 1% v/v acetic acid (see the example in Fig. 3) . ffi p indicates that the strain was sensitive to acetic acid while ''no'' indicates that it grew normally, the same as the wild type. results for their growth are summarized in Table 2 by comparison of them with the wild type on dot plate at 41 C and in shaking culture at 39 C. On the basis of these observations, we examined sensitivity to acetic acid on YPG agar plates containing 1% v/v of acetic acid at 30 C ( Fig. 2A) . Fifteen strains of the thermosensitive mutants also exhibited defective growth on acetic acid on the plates (Table 2) , and also under shaking culture (see examples in Fig. 2B ). It is hence assumed that there is a correlation between high temperature and acetic acid stress in these mutants.
Sequencing and assembly of A. tropicalis SKU1100 genome
On the basis of sequencing using the Illumina Genome Analyzer, we generated 6,617,454 reads of 36 nucleotides. This represents approximately 64-fold depth of coverage assuming a genome size of 3.7 megabases. The resulting assembly had 301 large contigs (>1,000 bp), and the N 50 length was 21,851 bp. From the draft assembly, 3,412 ORFs were predicted (data not shown).
Identification of the insertion site of transposon Tn10 in the mutant strains
In order to identify the insertion sites of Tn10 in the chromosomal DNA of all 32 confirmed thermosensitive mutant strains, the TAIL-PCR technique was used, as described in ''Materials and Methods.'' On the basis of the nucleotide sequences available on the database, including A. tropicalis SKU1100 genome data obtained in this study, the determined nucleotide sequences were analyzed by BLAST searches. The annotated mutation genes are summarized in Table 2 . Several mutants were identified as the same gene disrupted by Tn10 but at different sites (see the case of the DegP mutations in Fig. 3) , and finally 24 genes were identified as possibly necessary for growth at high temperatures.
Complementation of several mutation genes for hightemperature growth
To determine whether the thermosensitive phenotype is due to insertional mutation of Tn10, we attempted to complement some mutants by introducing the corresponding wild-type genes. The possibility that Tn10 insertion causes a polar effect on the genes downstream led us to examine the gene organization of specific genes of the mutants. Using the draft genome data together with the whole genome sequence of A. pasteurianus IFO3283-01, 8) we identified the precise locations and possible organizations of these genes, some examples of which are shown in Fig. 3 . First, we chose some of the essential genes for high-temperature growth, and attempted to complement them using the shuttle vector carrying the desired gene introduced into the mutant strain, as described in ''Materials and Methods.'' As can be seen in Fig. 4 , introduction of the genes encoding serine protease (DegP, gene number of ATPR 1619, see Table 2 ), glutamine synthase adenylyltransferase (Gln, ATPR 2097), and one hypothetical gene (ATPR 0586) functioned in each mutant and rescued their growth defects at high temperature. We have also successfully complemented another six genes, DNA metyltransferase (ATPR 1965), ABC transporter, substrate-binding protein (ATPR 0609), Lysyl-tRNA synthase (ATPR 0143), Zinc metalloprotease (ATPR 0429), 3-Phosphoglycerate dehydrogenase (ATPR 0874), and Siroheme synthase (ATPR 0022), which confirms that these genes are required for growth at high temperature. In addition, although the data are not shown here, genes, ATPR 0143, 2837, 0071, 0609, and 1188, were disrupted by kanamycin cassette, and these disruptants were found to be thermosensitive. The genes, ATPR 1619, 2097, and 0586, responsible for serine protease (degP) of mutant 43-38, glutamine synthase adenylyltransferase (gln) of mutant 43-43, and a hypothetical protein of mutant 42-35 respectively, were amplified, sub-cloned to shuttle vector pCKm to produce pCKmdegP, pCKmgln, and pCKm42-35 respectively, and then transformed into the mutants, as described in ''Materials and Methods.'' Wild-type, mutant, and complemented cells were spotted by serial dilution with sterilized water containing 0.85% w/v NaCl on YPG agar plates with and without 1% v/v ethanol (EtOH), and the plates were incubated for 2 d at the indicated temperatures.
BABS01000042 (24, Although the possible functions of these genes could be categorized based on the literature as described below in ''Discussion,'' however, the physiological functions of these genes were not determined experimentally in this study.
Discussion
Thermotolerant species of AAB may have accumulated a large number of mutations during adaptation to habitats with higher temperatures. Many defense mechanisms of so-called mesophilic bacteria against transient thermal stress have been studied extensively, although the global networks linked to the heat-stress response have not been comprehensively explained. However, a similar but different thermotolerance mechanism of thermotolerant bacteria adapted to moderately high temperatures consecutively lasting has scarcely been examined systematically.
In this study, we identified 24 genes required for the growth of A. tropicalis at higher temperatures. Of the thermotolerant genes, ATPR 1619, 0429, 2837, 2097, and 0143 (Table 2) were categorized as heat shock or stress response genes that play major roles in the folding, repair, and degradation of denatured proteins. Other groups (ATPR 1965 and 1424) are expected to be involved in the cell cycle and cell division, which may be related to DNA replication errors and damage at high temperatures. Genes, ATPR 3151, 0874, and 1188, appear to be related to cell wall or cell membrane biosynthesis, and thus may play important roles as first protection against environmental stress. Two other genes, ATPR 0071 and 0609, are apparently related to the transport system. The former, a gene annotated as Na þ /H þ antiporter, has been found to be involved in intracellular pH regulation with K þ but not with Na þ (unpublished results). Thus, although the function of these thermotolerant genes must be analyzed experimentally in the future, the thermotorelant genes identified in this study should be involved in the thermotolerance mechanism of A. tropicalis SKU1100. The results also indicate that some of the genes are required for acetic acid resistance in addition to high temperature growth. Among these thermotolerant genes, stress response genes and DNA repair genes are very important for thermotolerance, and thus more discussion of these genes would be useful. Especially, ATPR 1619 and ATPR 1424 are focused here because many thermosensitive mutant strains having mutation in the two genes were obtained at the same time (Table 2) . Four thermosensitive mutant strains of A. tropicalis SKU1100 were identified to be defective at a gene, ATPR 1619, encoding DegP (serine protease) which has been shown to be involved in the degradation of chimeric membranes and periplasmic proteins. 22, 23) DegP is essential for E. coli viability only at elevated temperatures, and its transcription increases rapidly following heat shock. 24) Abnormal proteins produced at elevated temperatures could be degraded by DegP, which recognizes improperly folded or denatured proteins that accumulate during heat shock in the inner membrane or the periplasmic space, 22, 25) whereas ATPR 1424 is a gene encoding bacterial Smc (structural maintenance of chromosome) protein, which plays an important role in chromosome condensation, pairing, and segregation. 26) In the thermosensitive mutants (59-34, 52-36, and 30-12) all having transposon in ATPR 1424, these cells became round and slightly larger than the rod-shaped wild-type cells at high temperature (data not shown), suggesting that improper The dataset for phylogenetic analysis was constructed from all the amino acid sequences from 391 complete microbial genomes 27) and Gluconacetobacter hansenii draft genome assembly (GenBank accession: ADTV01000000). ATPR 1619 was used as query in a the blastp homology search against the dataset of all proteins, and each homolog was identified by a homology search of amino acid sequence using the blastp filtering expectation value (e-value) 10 À10 and sequence overlap !70%. The ATPR 1619 homolog was found in 220 genes of the 391 microbial genomes, the top 20 hits of which were collected and are shown here as the phylogenetic tree of the ATPR 1619 homologs. To construct the phylogenetic tree of DegP, amino acid sequence alignment was carried out using clustalW. 28) We used the mega version 4.0 package to generate the phylogenetic tree to study the phylogenetic relationships by the NJ approach and 1,000 bootstrap replicates. 29) cell division occurred. It has been reported that the smc null mutant of Bacillus subtilis caused a thermosensitive lethal phenotype in a rich medium. 26) Transcriptional analysis using DNA microarray for several microorganisms has also revealed the downregulation of numerous genes involved in cell division at high temperatures. 5) Thus it is probable that a defect in cell division triggers DNA replication errors and then DNA damage or mismatch errors, especially at high temperatures.
Furthermore, although the exact role of each thermotolerant gene must be assessed in further studies in more detail, the results obtained herein raise questions as to the origin and function of these genes: i) How did thermotolerant A. tropicalis acquire the genes required for thermotolerance? ii) How does the strain exhibit thermotolerance using these thermotolerant genes? Such genes might have been acquired by horizontal gene transfer from other thermotolerant or thermophilic organisms, or by simple genetic mutation. Of the 24 genes identified by phylogenetic analysis, none were localized outside the AAB phylogeny, as can be seen in Fig. 5 as one typical example, DegP. A. tropicalis seems to have acquired thermotolerant genes by adaptive evolution but not by horizontal gene transfer. As for the thermotolerance mechanism, on the basis of results in this study, since thermosensitive mutants grow well at lower temperatures, the thermotolerant genes are not essential for cell growth but rather are required for proper growth at higher temperatures. Thus it can be speculated that A. tropicalis has additional homologous genes (paralogous genes) or another metabolic pathway besides the thermotolerant genes or the pathway that involves these genes. For example, in the case of DegP (ATPR 1619), there is one additional paralog, ATPR 2558, which may work as DegP endopeptidase, instead of ATPR 1619, in the mutant strains at lower temperatures, whereas in the case of 3-phospho-Dglycerate dehydrogenase (ATPR 0874), it may work as the first enzyme in 3-step serine synthesis from 3-phosphoglycerate because this mutation was overcome by the addition of serine (data not shown). In this case, although there is no paralogous gene for ATPR 0874, there is an alternative pathway for serine synthesis from pyruvate, catalyzed by serine dehydratase, the genes of which is present in the genome as ATPR 2770. These thermotolerant genes may produce proteins that are functional at higher temperatures at which the proteins produced by mesophilic paralogous genes may not work properly. Thus functional relationships between the thermotolerant and mesophilic genes should be clarified in the course of elucidation of the thermotolerant mechanism of A. tropicalis.
